Introduction
The accurate assessment of system reliability is of vital importance to the preliminary design, manufacturing and decision-making of maintenance activities of mechanical systems. Therefore, many innovative methods for reliability analysis and reliability-based optimization design have been developed, which take various random factors in the design process and operational process of technological systems into consideration. Zhang analyzed the influences of uncertainty in the mechanism dimension on the motion error, in which point kinematic reliability and interval kinematic reliability are considered, respectively (Zhang, 2014) . Hari, Rami, Srividya and Verma proposed the concept of the multi-state mechanical components and performed the reliability analysis of a feed water system according to the failure criterion that was dependent on component states (Hari, et al., 2011) . In some cases, the performance of a mechanical system could degrade with the capacity of components in the system to resist external load deteriorating. Therefore, it is necessary to develop dynamic reliability models to describe the dynamic behavior of the reliability of mechanical systems and identify key factors having great influences on system reliability.
As a matter of fact, strength degradation of mechanical components, induced by corrosion, fatigue and wear, exists commonly in practical engineering. In current literatures, most dynamic reliability models come from the research for electrical and electronic systems,such as the dynamic reliability model of the parallel (2,n-2) system proposed by Papageorgiou and Kokolakis (Papageorgiou and Kokolakis, 2010) , the dynamic reliability model of coherent multi-state systems introduced by Xue and Yang (Xue and Yang, 1995) and the multi-state system reliability model presented by Liu and Kapur (Liu and Kapur, 2006) . These dynamic reliability models provided sound basis for the framework and detailed implementation procedures of dynamic reliability analysis. However, due to the substantial difference between electronic systems and mechanical systems in the failure mode and degradation mechanism, it could cause some problems to directly utilize these models for dynamic reliability analysis of mechanical systems in some situations, which are listed as follows.
(1) For mechanical components, it is difficult to define and describe the component states. Besides, it is impractical to measure the actual failure rate of mechanical components, which seldom keeps constant in practice. Hence, it is inconvenient to develop dynamic reliability models of mechanical systems on the basis of component states and failure rate. In fact, mechanical engineers are more interested in how the parameters, involved with mechanical properties and external load, influence the dynamic system reliability. Nevertheless, the dynamic reliability models of mechanical systems in terms of material parameters and stress parameters are seldom reported.
(2) The difficulty of developing dynamic reliability models of mechanical systems lies in the mathematical treatment for strength degradation process of mechanical components in the systems. The uncertain in the strength degradation process comes from the uncertainty of material parameters and the stochastic properties of load. In dynamic reliability models of electronic elements, the strength process is always assumed to be a specified stochastic process, in which the strength distribution at any time instant is determined by the assumed stochastic process and is used for reliability calculation. However, for mechanical components, it could result in large computational error to utilize the strength distribution at each time instant for reliability computation, due to the phenomenon of strength degradation path dependence (SDPD), as evidenced by the authors' former investigation . The dynamic reliability models of mechanical systems should be constructed considering SDPD and the impacts of SDPD on reliability of mechanical systems need to be further explored.
(3) In addition, dependence of components in mechanical systems exists commonly in mechanical systems since the components in a system always operate in the same working environment. Some novel study has been carried out to solve the problem of failure dependence, such as the models proposed by Tang (Tang, 2001 ) and Distefano and Puliafito (Distefano and Puliafito, 2009 ). Gao proposed the method to deal with the problem of how to mathematically describe the interaction between the fuzzy load process and the stochastic strength degradation process, and furthermore established the dynamic fuzzy reliability models . However, SDPD is important to the accurate reliability estimation of systems under stochastic load process and has significant impacts on dynamic reliability behavior and failure dependence of series systems, which is not analyzed in the reference. In fact, SDPD, as an important factor to characterize the strength degradation process of components, have great influences on failure dependence of mechanical components. Therefore, it is imperative to develop dynamic reliability models of dependent systems, which can be used to reflect the joint effects of correlative environmental factors and SDPD on failure dependence behavior in mechanical systems based on the failure mechanism of mechanical components.
To deal with the problems mentioned above, dynamic reliability models of mechanical systems will be developed in this paper, which take the failure dependence of components into consideration based on the SDPD analysis of components. Besides, the influences of SDPD on both dynamic system reliability and failure dependence will be investigated in order to demonstrate the error that could be caused due to directly using the instantaneous strength distribution in reliability computation. Furthermore, the impacts of some factors, including the statistical properties of material parameters and the number of components in the system, on the influences of SDPD on system reliability will be analyzed in this paper.
Nomenclature a material parameter in residual strength formula C material parameter in S-N curve model d 1 (n) reliability difference between independent system and dependent system d 2 (n) difference between reliability considering SDPD and reliability based on IPDF 
Failure dependence analysis of mechanical systems considering SDPD of components
In this paper, we will concentrate our work on the reliability analysis of mechanical series systems in the failure mode of fatigue. Although the dynamic reliability models of electronic components based on stochastic process theory provide a method to extend the conventional static models, the strength probability density function (pdf) at each moment or at each load application, which are referred to as instantaneous pdf (IPDF) of strength for descriptive convenience, has to be used to compute the reliability at a specified moment or at a specified load application. However, for mechanical components, the existence of SDPD makes the results by using the IPDF inaccurate for reliability evaluation. Besides, the strength degradation path is correlated by the correlative environmental factors.
To illustration the problem mentioned above, consider two components connected in series configuration. The schematic strength degradation processes of the two components are shown in Fig.1 . For component 1, S1 is the initial strength at t 0 . Owing to the randomness of load applying at t 1 , the strength could take the possible value of S2 and S3 at t 1 . S2 and S3, associated with their occurrence probability at t 1 , constitute the IPDF of component 1 at t 1 . When the random load applies for the second time at t 2 , the strength could be S4, S5, S6 and S7 at t 2 . S4, S5, S6 and S7, associated with their occurrence probability at t 2 , constitute the IPDF of Component 1 at t 2 . Analogously, for Component 2, S8 is the initial strength at t 0 . S9 and S10 is the possible strength at t 3 , and S11, S12, S13 and S14 is the possible strength at t 4 . Thus, the possible degradation paths of the two components are listed in Table 1 . 
Component 2 S8-S9-S11 S8-S9-S12 S8-S10-S13 S8-S10-S14 When the two components are correlative with each other due to subjected to the same load as shown in Fig.2 , it should be satisfied that t 1 =t 3 and t 2 =t 4 . Moreover, the state transition of Component 1 is also correlative with that of Component 2. For instance, the state transition of S1 S2 is correlative with the state transition of S8 S9.
In addition, the capacity of the series system to resist external load is determined by the minimum strength of the two components, which is referred to as equivalent system strength in this paper. For example, at t 2 , the equivalent system strength for the series system can be expressed as follows. min( 4, 5, 6, 7, 11, 12, 13, 14,) series S S1-S2-S4 S1-S2-S5 S1-S2-S6 S1-S2-S7 S1-S3-S4 S1-S3-S5 S1-S3-S6 S1-S3-S7 When IPDF is used to characterize the randomness of strength in its degradation path, a possible strength degradation path of a component is considered to be formed through the combination of a possible strength value at each load application. From this point of view, the possible strength degradation paths of component 1 are listed in Table 2 . However, from Figure 1 , it can be seen that some actually nonexistent paths in Table 2 are integrated into the reliability calculation, such as the path of S1-S3-S5 and S1-S2-S7 for component 1. The analysis for component 2 is similar to that for component 1. When considering the equivalent system strength mentioned above, for instance, suppose that at t 2 , S series =S6. Then, from Figure 1 , it can be learned that only the path of S1-S3-S6 could lead to the equivalent system strength of S6. Nevertheless, in the case where IPDF at each load application is used, it is considered that equivalent system strength of S6 could be obtained via the path of S1-S3-S6 or the path of S1-S2-S6. Therefore, the probability that the equivalent system strength is equal to S6 is misestimated due to taking account of the nonexistent paths, which influences the reliability calculation of the series system. It should be noted that in the failure mode of fatigue, some important indices related to strength degradation are represented in terms of load application times, such as the lifetime of mechanical components in the S-N curve model and the damage in the Miner damage accumulation law. Hence, in the beginning of this paper, reliability models will be derived with respect to load application times. The relationship between the load application times and the time duration in which the load application lasts can be determined by the frequency function, which is dependent on actual load history and expressed as follows.
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Fig.2 Dependent series system
where T is the time duration, ( ) w T is the frequency function in T, and n is the load application times in T. For instance, suppose that ( ) w T is equal to 0.1s -1
. Then, the time interval between t 1 and t 2 in Figure 1 is 10s.
Therefore, influences of SDPD on dynamic system reliability and failure dependence will be analyzed in this paper. Moreover, the impacts of some key factors on the influences of SDPD on system reliability will be studied.
Dynamic reliability models of series mechanical systems
Conventional reliability models of mechanical systems are established by introducing the reliability theory for electronic systems, with the system reliability calculated based on the component reliability and system structure function. Unlike the electronic elements, the assumption of constant failure rate for mechanical components seldom holds in reality. Moreover, the accurate measurement of the time-dependent failure rate is not realistic. To solve the problem and consider some factors related to intrinsic properties of mechanical components, the system reliability models are developed by employing the LSI model. Provided that the pdf of stress and strength are available, denoted by ( ) 
Then, the input indices for reliability analysis are converted from the failure rate to the parameters related to the stress and the strength. When the IPDF is adopted in the reliability calculation, Eq.(1) can be extended to a dynamic reliability model with respect to load application as follows. f r is the IPDF of the component at the ith load application, and n is the total load application times. According to the system failure criterion, failure of a series system occurs on the condition that any component in the system fails to work. Consider a series system composed of k components. Then, the reliability of the series system can be calculated as follows.
where ( ) ij r ij f r is the IPDF of the jth (j=1,2,…,k) component at the ith load application. For illustrative convenience, we assume that the k components in the series system are mutually identical. Accordingly, Eq.(3) can be expressed as follows.
The above equation for system reliability computation is established on the assumption that components in the system are mutually independent. However, when the components share the same load, the failure dependence has considerable impacts on the reliability assessment. Then, the system reliability can be given as follows. 
However, it should be noted that Eq. (5) is based on IPDF of components, without SDPD taken into consideration. To address this problem, dynamic system reliability models will be given by considering the equivalent system strength. Denote the initial strength pdf of the components by ( ) r f r . As mentioned above, the equivalent strength of the series system is the minimum strength of components. According to the order statistics theory, the equivalent strength of the series system can be express as follows
In the failure mode of fatigue, strength degrades with the repeated load application and the residual strength under deterministic stress can be generally expressed as 
where a is material parameter, D(n) is the damage caused by external load and r 0 is initial strength. For mechanical components, the S-N Curve is usually used to present the relationship between the lifetime N of the mechanical component and the magnitude of stress s, which can be mathematically expressed as follows
where m and C are material parameters. According to the damage accumulation rule and the damage equivalence rule, the equivalent residual strength can be expressed as follows 
From the Bayes law for continuous variables, the reliability of the series system can be expressed as follows 
When the load process is a Poisson process with the intensity of ( ) t  , the probability that the random load is applied to a system for n times in the time period of t can be written as follows (Van Noortwijk, et 
Then, according to Eq.(10), the reliability of the series system with respect to time can be obtained by using the Bayes law for continuous variables as follows. 
Furthermore, the failure rate of the series system can be given based on Eq. (13) 
Illustrative examples
The most comprehensively adopted formats of connection between launch vehicle and satellite are the clamp band joints as shown in Fig.2 . In the clamp band joint system, failure occurs when any explosive bolt fractures. Therefore, the clamp band joint system is essentially a series system as shown in Fig.3 . In this section, the clamp band joint system is chosen as a representative example to illustrate the proposed reliability models. In the clamp band joint system, the explosive bolts are mutually identical and share the same load. The material parameters of explosive bolts and stress parameters involved in the proposed system reliability models are listed in Table 3 In this section, four cases will be provided to analyze the problems as follows. 1) Validation the effectiveness of the proposed model via Monte Carlo simulation and the influences of SDPD on system reliability. 2) The influences of SDPD on failure dependence of components.
3) The impacts of initial strength dispersion on the influences of SDPD on system reliability. 4) The impacts of number of components in the system on the influences of SDPD on system reliability. Case 1: The flowchart of the Monte Carlo simulation for a system with two dependent components is shown in Fig.4 . In the flowchart, N is the total number of the Monte Carlo simulation trials. k stands for the number of components in the series system. n represents the application times of load. b is the failure number of system during the N trials. The simulation is essentially identical with physical experiment, which is not dependent on any analytical expression of dynamic reliability model. In the simulation, the strength degradation process only rely on the randomly generated stress and Eq.(7) for residual strength calculation under deterministic stress. The results of the Monte Carlo simulation and the reliability obtained by using the proposed models for dependent system considering SDPD are shown in Fig.5 . In addition, the reliability calculated based on IPDF is also shown in Fig.5 , which is computed according to Eq.(5) based on IPDF of components as shown in Fig.6 . , it can be seen that the reliability calculated based on the proposed method shows good agreement with the result from the Monte Carlo simulation. In addition, SDPD has significant influences on series mechanical systems. Despite the computational convenience, the dynamic reliability models based on IPDF of strength could make the reliability of the clamp band joint systems seriously underestimated, which could result in the misleadingness in the design and the economic analysis of clamp band joint systems.
Case 2:
The difference between the reliability of the system with two correlative components and the reliability of the system with two independent components, denoted by d 1 (n), in the case of considering SDPD and in the case without SDPD taken into account are shown in Fig.7 . Fig.7 Difference between the reliability of dependent system and the reliability of independent system in the case of considering SDPD and in the case where SDPD is not considered
From Fig.7 , it can be learned that the failure dependence of mechanical components in a series system increases the system reliability. In general, the difference between the reliability of dependent system and the reliability of independent system is the minimum at the initial stage and at the end of the operational duration of series mechanical systems. The peak value of the "difference" appears in the middle stage of the operational duration of series mechanical systems. Besides, the failure dependence of mechanical components is greatly affected by the existence of SDPD. SDPD makes the effects of failure dependence on reliability of series system more evident. Moreover, the peak value of the "difference" comes later when considering SDPD. Therefore, provided that SDPD is neglected, at the initial stage of the operational duration of series mechanical system, the effects of failure dependence on system reliability could be overestimated, while the influences of failure dependence on system reliability could be considerably underestimated at the middle and at the end of the operational duration of series mechanical systems.
Case 3: For a system composed of two dependent components, the difference between the reliability calculated considering SDPD and the reliability calculated based on IPDF, denoted by d 2 (n), in cases of different standard deviation of initial strength are shown in Fig.8 . From Fig.8 , it can be known that the strongest influences of SDPD on system reliability arise at the middle stage of the system operational duration. In addition, the dispersion of initial strength of components has great influences on the effects of SDPD on dynamic reliability of mechanical systems. The increase in the dispersion of initial strength enhances the impacts of SDPD on dynamic system reliability. Moreover, the peak value of the difference between the reliability calculated considering SDPD and the reliability calculated based on IPDF comes earlier in the case of larger dispersion of initial strength of mechanical components. Therefore, when the dispersion of the initial strength of components in the series mechanical components is large, special attention should be paid to the impacts of SDPD on dynamic system reliability.
Case 4: For a system composed of two dependent components, the difference between the reliability calculated considering SDPD and the reliability calculated based on IPDF, denoted by d 3 (n), in cases of different number of components in a system are shown in Fig.9 . Fig.9 Difference between the reliability calculated considering SDPD and the reliability calculated based on IPDF in cases of different number of components in the system From Fig.9 , it can be seen that impacts of SDPD on system reliability is affected by the number of components in the series mechanical system. In general, the increase in the number of components weakens the effects of SDPD on system reliability. Nevertheless, it should be noted that the maximum effects of SDPD on reliability due to the increases in the number of components comes earlier. Hence, at the initial stage of the system operational duration, attention should be paid to the possible enhancement of the effects of SDPD on reliability because of the increase in the number of components in a series mechanical system.
Conclusions
In this paper, dynamic reliability models of series mechanical systems in terms of stress parameters and strength parameters are established, in which SDPD and failure dependence of components in a system are taken into consideration. The results show that reliability and the effects of failure dependence on system reliability could be underestimated due to neglecting the existence of SDPD. Moreover, the increase in the dispersion of initial strength or the decrease in the number of components in a series mechanical system enhances the impacts of SDPD on dynamic system reliability. In addition, the impacts of SDPD on reliability and failure dependence, associated with the influences of initial strength dispersion and the number of components on these impacts, show obvious dynamic characteristics.
The proposed reliability models can be used for dynamic reliability analysis of mechanical series system with components in the failure mode of fatigue. Further work is in progress to extend the proposed models to reliability analysis of mechanical systems in other failure mode.
